ABSTRACT Functional nerve-muscle synapses form rapidly in cultures of embryonic chicken spinal cord and muscle cells. As early as 30 min after nerve processes first contact muscle fibers they are able to release stimulus-evoked neurotransmitter. This release was detected only after wave-form averaging because of the exceedingly low amplitude of the synaptic potentials. This small size was likely due to a postsynaptic effect, because the electrophysiologically assayed acetylcholine sensitivity of the synaptic muscle membrane was low and did not differ significantly from extrasynaptic levels. Transmitter release was elicited both from along the lengths of nerve processes and from active growth cones.
Accumulations of acetylcholine (AcCho) receptors or "hot spots" have been located precisely at sites of transmitter release at functional nerve-muscle synapses that had formed de novo in tissue culture (1) (2) (3) (4) . In this regard, these synapses resemble adult vertebrate neuromuscular junctions (5) (6) (7) . Because the transmitter release sites in these cultures have been demonstrated only at hot spots with tht methods used, and were apparently focal, it is possible that aggregation of postsynaptic receptors occurs before nerve processes begin to release neurotransmitter. Unlike the adult in vivo situation, however, significant numbers of AcCho receptors are distributed nonhomogeneously over the entire surface membrane of muscle fibers grown in tissue culture. Because many early neuromuscular junctions in culture at hot spots have a low mean quantal content (2, 8) , the receptors are 5-50 times more concentrated at these regions than elsewhere, and single quantum potentials range between 0.5 and 2.0 mV in amplitude (see figure 7 of ref.
2), it is possible that marty transmitter release sites were not appreciated previously because they were located opposite relatively insensitive membrane and therefore generated responses below the inherent noise of the recording system. Alternatively, therefore, transmitter release from presynaptic neurites may occur before subsequent postsynaptic accumulation of receptors.
It is also of interest to know whether actively growing nerve tips, or growth cones, are able to release neurotransmitter.
In order to determine whether transmitter is released not only over insensitive membrane, but also from growth cones, experiments were performed using wave-form averaging to detect small-amplitude potentials. The results are discussed in relation to the developmental stages of neuromuscular junction formation. A preliminary account of this work has appeared (9) . METHODS Cultures. Mononucleated myogenic cells dissociated from 11-day chicken embryonic pectoral muscles were used to form the muscle cultures as previously described (8) except that no enzymatic digestion of the minced muscle fragments was employed (2) .
The cells were plated on collagen-coated, 22-mm, round, glass coverslips (Gold Seal, no. 0) and grown in Eagle's minimal essential medium supplemented with heat-inactivated horse serum (10% by volume), chicken embryo extract (2% by volume), glutamine (2 mM), penicillin (50 mg/ml), and streptomycin (50 mg/ml). Cytosine arabinonucleoside (10 MtM) was added for 24-48 hr beginning on day 2 or 3 to eliminate fibroblasts (8) . Culture medium was renewed three times per week.
One spinal cord fragment (explant) cut in approximately 200-Mtm-thick cross section from a 12-to 15-day chicken embryo was added 2-4 days after plating the muscle.
Electrophysiology. Cultures were examined on the stage of an inverted microscope equipped with Nomarski interference-contrast optics (Zeiss). The 22-mm coverslips were placed in a Teflon and aluminum chamber, the bottom of which was formed by a 25-mm glass coverslip so that the cells were exposed only to Teflon and glass. Temperature was maintained at 370C by fitting the entire assembly into a heated aluminum block covered with a thin sheet of galvanized steel, all of which was connected to the movable microscope stage. Cells were continuously perfused with Eagle's minimal essential medium usually supplemented with 1-2% horse serum and equilibrated with 95% 02/5% CO2. In most experiments, a layer of light paraffin oil covered the entire surface of the bath to avoid evaporation and minimize bath volume (usually 0.5-0.75 ml). Perfusion was then achieved by a siphon.
Intracellular recordings from muscle fibers were made with fine-tipped, 3 M KCI-filled microelectrodes with 30-100 MQ resistances. Potential signals were simultaneously displayed on a Tektronix 565 oscilloscope, Gould chart recorder, and Fabritek signal analyzer. The summated signal output of the latter was displayed on the chart recorder. Muscle fiber input impedance measurements were made through a bridge circuit (10, 11) .
Microiontophoresis of AcCho to assay AcCho sensitivity was achieved by filling micropipettes similar to those used for recording with 1 M AcCho. Positive, isolated, current pulses (0.5-1.0 msec, 2-50 nA) were passed through these and mea- Microiontophoresis of d-tubocurarine (dTC) was achieved similar to that for AcCho except that a near-saturated solution of the drug was used (50 mg/ml), and the pulses were 25-100 msec and 50-100 nA. They preceded electric stimuli delivered to neurites. In some experiments, the entire bath volume was rapidly exchanged with perfusate containing dTC (10 ,ug/ml), which could subsequently be washed out.
In the ideal situation, an isolated muscle fiber whose entire extent could be visualized and that was several mm from the explant was selected. An approaching nerve process was traced back to its point of emergence from the spinal cord. The periphery of the explant or the small fascicle of neurites at this locus was stimulated soon after nerve-muscle contact by extracellular fine-tipped (1-to 5-Am) tungsten electrodes delivering negative-going pulses 0.1-4.0 msec in duration. These electrodes were mounted in a small magnetized micromanipulator that could be stably positioned on and moved with the microscope stage and chamber assembly. The intracellular recording electrode was positioned in the muscle less than 100 tim from the point of nerve contact.
RESULTS
Transmitter Release at AcCho-Insensitive Muscle Membrane. Muscle fibers for study were selected only after initial visualiztion of their entire extent at high magnification (X625) failed to reveal any nerve processes already contacting their sarcolemma. No spontaneous synaptic potentials were recorded either before or immediately after contact by neurites. The usual resting membrane potential was 70-85 mV, and fibers with less than 50-mV transmembrane potential were rejected from this study. Input impedances varied between 1 and 8 MQ and did not seem obviously related to nerve contact or innervation. Ideally, muscle fibers were several mm from the spinal cord explant so that the number of approaching neurites was limited, and, because of the relatively low conduction velocity of these fine nerve processes, the synaptic responses were not obscured by the stimulus artifact.
In one example, single electric stimuli applied to a nerve that had first contacted an isolated muscle fiber approximately 1 hr previously (Fig. 1A ) apparently failed to elicit synaptic responses as judged by intracellular microelectrode recording from the muscle (Fig. lB 1) . However, summation of responses to 128 consecutive negative, effective stimulus pulses revealed a depolarizing potential of approximately 50-AV amplitude (Fig. 1B2 ). That this was synaptically mediated is supported by several experiments. Summation of 128 successive oscilloscope sweeps revealed no potential change either before the growing nerve tip contacted the muscle or after contact when the stimulus polarity was reversed (Fig. 1B3) or the stimulating electrode was moved slightly away from the nerve process. The local microiontophoresis of dTC to the region of nerve-muscle contact ( Fig. 1B4 ) reversibly blocked the potential (Fig. 1B5) . Application of dTC away from this region did not affect the depolarizing potential. No depolarization was seen when the recording electrode was withdrawn from the muscle fiber (Fig.  1B6 ). Thus, this small signal was the postsynaptic response of the muscle to the presynaptic release of neurotransmitter (",uV synapse"). It was not the result of electrotonic coupling between nerve and muscle or electrical artifact in the recording system. Furthermore, the synapse was nicotinic cholinergic and localized to the short segment of nerve proces § contacting the muscle.
Immediately, the AcCho sensitivity of the subjacent muscle membrane was assayed at approximately 2-,um increments and compared to randomly selected extrajunctional regions of sarcolemma. Fig. 1C shows the distribution of sensitivity for the nerve-muscle pair of Fig. 1A . The greatest sensitivity of the four points tested near the nerve was 198 mV/nC, which was not significantly different from the mean of the other loci tested ("background") on the fiber (184 + 113 mV/nC; mean i SD). To ensure that a hot spot had not been overlooked, several large pulses of AcCho, usually of about 10 msec duration, were applied in the synaptic region, but several ym above the muscle, thereby testing a larger area of surface membrane. This procedure is often helpful in locating hot spots by producing inordinately large AcCho potentials or muscle twitch. No synaptic hot spots were found. Hot spots were found at extrajunctional regions, however.
Proc. Natl. Acad. Sci. USA 77 (1980) Sometimes the ,uV synapses were located along nerve processes ("en passant") rather than at their tips as the example of Fig. 2 demonstrates. In this case, the nerve process (or processes) divided into three branches all of which coursed over the upper surface of the muscle fiber. Recordings were made approximately 2 hr after the first process contacted the muscle fiber. A summated, stimulus-evoked synaptic potential of approximately 100 AuV amplitude was blocked by iontophoresing dTC over one of the nerve processes at the location shown (arrow). The greatest AcCho sensitivity along the nerve process (268 mV/nC) was similar to the mean of the background values (121 ± 84 mV/nC). The largest possible synaptic AcCho sensitivity, therefore, was only 2.2 times greater than the mean background sensitivity. This was the greatest difference recorded between synaptic and extrasynaptic sensitivities in any of the experiments in this study and, within the limits of the AcCho and dTC iontophoretic methods employed, does not qualify as a synaptic hot spot. In each of the other cases, synaptic and extrasynaptic sensitivities did not significantly differ.
Neurotransmitter Release from Growth Cones. At some of the synapses, no obvious morphologic specializations of the nerve process were evident at the time electrophysiologic recordings were made, whereas, at others, fine filopodia-like processes were seen. In other cases, however, growing nerve processes were observed as they advanced along the collagen substrate near muscle fibers. Fine filopodia of the growth cones appeared to continually make and break connections with the collagen and at times extend upward into the medium. Upon contacting the muscle, they usually paused and palpated the sarcolemma before continuing their advance over, under, or I FIG. 3. Stimulus-evoked transmitter release from growth cones. The nerve process shown in A initially contacted the thin myotube about 1.5 hr previously. The averaged synaptic response of 128 consecutive oscilloscope sweeps in B (top trace) was reversibly blocked by increasing the stimulus repetition to a high rate (2nd and 3rd traces). The bottom trace was made after withdrawing the recording electrode from the muscle. Calibration pulse at end of traces: 50 uV, 5 msec. In C only filopodia were touching the sarcolemma 30 min after initial contact when the approximately 60-MuV synaptic response in D (top trace) was recorded. This response was blocked by focally applied dTC (2nd trace). Forty-five minutes later, with a shorter stimulus pulse, a larger response (3rd trace) was obtained, which was also blocked by dTC (4th trace (Fig. 3B) .
In another example (Fig. 3 C and D) transmitter release was elicited just 30 min after the first nerve-muscle interaction at a time when only filopodia appeared to be in contact with the edge of the muscle fiber. The approximately 60-gV averaged synaptic response (Fig. 3D) (Fig. 3D) In one preparation (Fig. 4A) , a 125-,uV synaptic potential was recorded soon after a fine nerve process adhered to a myofiber. (Fig. 4B) . The increase in resting membrane potential from 75 to 84 mV is not sufficient to account for the approximately 10-fold increase in synaptic potential size. Although considerable variability can exist from one microelectrode penetration to another, it is possible that the increment in resting potential reflects the innervated state of the muscle (cf. refs. 13 and 14) . Because the precise site of transmitter release was not located, it is possible only to speculate that the mV range responses were generated at regions of AcCho receptor accumulation as described (1) (2) (3) (4) AV with the relatively high-impedance intracellular electrodes required. Because signal-to-noise ratio is enhanced by the square root of the number of repetitions, the 128-256 consecutive nerve stimuli used in most of these experiments increased this ratio by 11.3-16 times. The data are consistent with the finding in the reinnervation of adult neuromuscular junctions that spontaneous miniature end-plate potentials are generally seen before stimulus-evoked end-plate potentials because of conduction block in the regenerating nerve twigs (15) (16) (17) It has been reported that regenerating neuromuscular junctions in vivo (18, 19) and newly formed ones in vitro release (2, 8) few quanta of AcCho early in their development. Because in a culture system similar to the one used in the present study a single quantum of AcCho released at a hot spot generated a 0.5-to 2.0-mV response (2), the same amount of transmitter released at a non-hot spot 1/5-1/50 times as sensitive would be expected to elicit a response correspondingly smaller-i.e., 10- (1980) within one space constant of the site of nerve-muscle contact, input impedances were in the range previously reported for this size and age of fiber (11, 20) , and, on occasion, high AcCho sensitivity values could be recorded on muscle fibers away from points of nerve contact. Thus, it appears that nerves can release neurotransmitter at non-hot spots. This does not necessarily imply that AcCho release at the gV synapses is functionally equivalent to release at hot spots. After this study was completed, a report using a different culture system appeared; it suggested a similar finding by using fluorescently labeled a-bungarotoxin. The authors did not, however, localize the synapses (21) .
The averaged synaptic responses generally had a relatively long time course. Because the recording electrode position was near the synaptic site, this duration is attributable to the variability in latency for single responses as well as possibly the prolonged time course of individual responses. The former is often seen even when much larger synaptic potentials arising at hot spots are averaged. The latter alternative is suggested by the relatively long time to peak and decay of the mV range synaptic potentials seen 7-8 hr after initial nerve-muscle contact (see Fig. 4 ). Similarly, slow end-plate potentials in the newborn rat (22) and spontaneous miniature end-plate potentials in the early reinnervation of mammalian muscle (19) have been reported. Nerve growth cones have been shown to be capable of releasing neurotransmitter virtually as soon as they contact muscle fibers. Puro et al. (23) have recently reported nicotinic cholinergic synapses forming in a culture system of rat skeletal muscle equally rapidly after the addition of a high density of freshly dissociated chicken retinal cells that had little, if any, neuritic outgrowth. In the present study, synaptic potentials were recorded as early as 30 min after growth cone filopodia began palpating the edge of muscle fibers (Fig. 3 C and D) . No accumulations of AcCho receptors were found at these sites at this stage. In a recent report, Landis (24) has demonstrated the presence of norepinephrine-containing small granular vesicles in both the varicosities and filopodia of cultured sympathetic neuron growth cones as they grow over the collagen substrate before contacting appropriate target cells and developing synaptic specializations.
It is possible, therefore, that growth cones release transmitter before contact with the appropriate postsynaptic cells. Frank and Fischbach (4) have reported transmitter release from the region of a growth cone by focal stimulation. Neither the time after initial contact with the muscle fiber nor whether the fiber was already innervated was specified, however. Because they claimed that the subjacent muscle AcCho sensitivity was high when they first tested and because accumulation of AcCho receptors has been shown to be induced at developing neuromuscular junctions (4, 25) , it is possible that they were observing a later developmental stage than that reported in this paper.
The low incidence of detected synaptic release-from growth cones in the present study may be due to the presence of relatively few functional active zones. Alternatively, many of the growth cones studied were from noncholinergic neurites or were from the large group of nonfunctional contacts made between neurons and skeletal muscle fibers (2) that are found even when the neuron population is predominantly cholinergic (26) .
In one experiment ( Fig. 3 C and D) the amplitude of auV synapse was seen to approximately double 45 min after the first set of recordings were made. Possible explanations for this indude a maturation of some kind of the presynaptic transmitter release mechanism, fewer failures to evoke release, or the beginnings of induction of receptor accumulation (4, 25) . With regard to the last alternative, the AcCho sensitivity was slightly higher at the later recording but still less than twice background.
In other experiments in which MV synapses were recorded virtually immediately after nerve-muscle contact, synapses several mV in amplitude were found in the same pair several hours later. The synapses were not precisely localized at these later times, so it is not yet possible to ascertain whether the transmitter release sites at relatively AcCho-insensitive muscle membrane are transient or develop into those found at hot spots and are stable. The example of Fig. 4 suggests at least that the former alternative is possible because no hot spot was seen at the initial point of nerve contact 7.5 hr later, yet mV-range synapses were recorded and hot spots did exist 
